Inhomogeneous Light Shift Effects on Atomic Quantum State 
Evolution in Non-Destructive Measurements 



Patrick Windpassinger**, Daniel Oblak, Ulrich Busk HofF, Jiirgen Appel, Niels Kjaergaard, and Eugene S. Polzik 
QUANTOP, Niels Bohr Institute, University of Copenhagen, Denmark 

Dated: January 18, 2008 

Abstract. Various parameters of a trapped collection of cold and ultracold atoms can be determined non- 
destructively by measuring the phase shift of an off-resonant probe beam, caused by the state dependent 
index of refraction of the atoms. The dispersive light-atom interaction, however, gives rise to a differential 
light shift (AC Stark shift) between the atomic states which, for a nonuniform probe intensity distribution, 
causes an inhomogeneous dephasing between the atoms. In this paper, we investigate the effects of this 
inhomogeneous light shift in non-destructive measurement schemes. We interpret our experimental data 
on dispersively probed Rabi oscillations and Ramsey fringes in terms of a simple light shift model which is 
shown to describe the observed behavior well. Furthermore, we show that by using spin echo techniques, 
the inhomogeneous phase shift distribution between the two clock levels can be reversed. 

PACS. 32.80.-t photon-atom interactions - 03.65.Yz decoherence, quantum mechanics - 06. 30. Ft clocks 



1 Introduction 

Resonant absorption and fluorescence measurements have 
been employed extensively in recent years to probe the 
properties of cold and ultracold atomic gasses. For ex- 
ample, Bose Einstein condensates are typically recorded 
in absorption imaging. Resonant light-atom interaction, 
however, destroys initial sample properties such as co- 
herences between the internal states of the atoms. Phase 
contrast imaging using off resonant light offers an alterna- 
tive, non-destructive means of probing, which has proven 
viable, e.g. in following the evolution of the vector magne- 
tization density with repeated imaging of the same atomic 
sample [T]. In general, such measurements can be used to 
probe the evolution of the sample density [2] and the inter- 
nal state populations |3|4)5j . When fulfilling the require- 
ments for Quantum Nondemolition (QND) measurements 
[B], the dispersive interaction, furthermore, provides a ve- 
hicle for quantum state generation in ensembles of atoms, 
for example for the generation of spin squeezed and entan- 
gled states of atoms |7|8j . Such QND measurements form 
a basis for a number of protocols in the field of quantum 
information science |9I10| such as quantum memory [TT] . 
and quantum teleportation [T? . 

Non-destructive measurements could potentially prove use- 
ful in the operation of atomic clocks. The accuracy of 
state-of-the art clocks is presently limited by the projec- 
tion noise |13] . which arises from the probabilistic uncer- 
tainty associated with a projective measurement of inde- 
pendent particles in a quantum mechanical superposition 
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state. To reduce this uncertainty, one can explore the pos- 
sibihty of creating so called squeezed states |14ll5ll6ir7] 
via QND measurements, where the particles are no longer 
independent but rather non-classically correlated (entan- 
gled). Furthermore, in approaches like optical lattice clocks, 
a way of improving the signal-to-noise ratio, which directly 
enters into the frequency stability, is to increase the duty 
cycle of sample preparation relative to the actual inter- 
rogation time [18 19 20 . This can be achieved by using 
non-destructive probing schemes where the trapped sam- 
ple, once prepared, is reused several times during the life- 
time of the trap. 

While off-resonant probing may lead to negligible deco- 
herence due to spontaneous photon scattering, the disper- 
sive light-atom interaction inevitable affects the atomic 
states via the AC-Stark shift. The influence of this light 
shift in Caesium fountain clocks, where it is induced by 
a homogeneously distributed off-resonant light field, has 
been studied in [21j . The assessment of such effects and the 
ability to account for them, is of major importance when 
employing non-destructive probing schemes in practical 
applications. 

We have constructed a Caesium atomic clock, using a 
dipole trapped cold sample. Our eventual and primary 
goal is to demonstrate pseudo-spin squeezing of the clock 
transition via a QND measurement [I6j . To that end, we 
read out the population of the clock states non-destructively 
by measuring the phase shift acquired by probe light due 
to the off-resonant index of refraction of the atomic medium. 
The phase shift of the probe light is measured with a 
Mach-Zehnder interferometer, operating close to the stan- 
dard quantum limit [5|. Since our readout beam has a 
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Gaussian intensity profile, the interrogation of the (inho- 
mogeneous) sample induces an inhomogeneous light shift 
across the atomic sample, which finally is detected with 
a non-uniform detection efficiency. In the present paper 
we analyze these inhomogeneous effects by studying the 
evolution of clock-state Rabi oscillations, and we perform 
Ramsey spectroscopy measurements to further character- 
ize the dephasing. We finally investigate the reversibility 
of the probe-introduced dephasing with spin echo tech- 
niques. 



2 Experimental setup 
2.1 Framework 

The system we are considering is the standard microwave 
clock transition 65*1/2 (-F = 3,tof = 0) = |3) ^ 6Si/2{F = 
4, TTiF = 0) = |4) [22] in cold Cs-atoms. Earlier versions of 
the experimental setup have been described in |16l2l5j . A 
schematic drawing of the setup is shown in Fig. [l] A typ- 
ical experimental cycle starts by loading Cs atoms into 
a magneto-optical trap and after a sub-Doppler cooling 
stage, we transfer about 10^ Cs atoms with a temper- 
ature of ^ 15 /iK into a single beam, far-off resonance 
dipole trap 23J. A diode pumped Yb:YAG disk laser at 
1032 nm produces 4W of dipole trapping beam, focussed 
down to a waist of about 50 /im. To initialize the atomic 
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Fig. 1. Schematic drawing of the experimental setup. A probe 
laser beam enters the interferometer via a port of the beam 
splitter BSl. One part of the beam propagates through the 
Cs atoms confined by a dipole trap, as they interact with the 
radiation field of the microwave source MW. The dipole beam 
is coupled into the probe arm via two dichroic mirrors DM. 
The other part of the beam propagates on a reference path 
with no atoms. The beams are recombined at the beam splitter 
BS2 and the phase shift from the atoms is detected as the 
differential signal of detectors at the two output ports of BS2. 
The geometrical path length difference of the interferometer 
arms is stabilized with a piezoelectric element PZ. B shows 
the direction of the magnetic guiding field and OP the two 
counter-propagating optical pumping beams. 
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Fig. 2. Schematic level diagram indicating a resonant drive be- 
tween the states |3) and |4) as well as dispersive (off-resonant) 
coupling between the states |4) and |5) . In the experiment |3) is 
the 6Si/2{F ^3,mF ^ 0) Cs clock state, |4) is the 6Si/2{F = 
4, TTiF ~ 0) clock state, and |5) is the 6P3/2{F' — 5,mF ~ 0) 
state. We also indicate three possible spontaneous photon scat- 
tering channels. 



ensemble to one of the clock states, a homogeneous, mag- 
netic guiding field of '--^ 1 Gauss is applied and the atoms 
are subsequently optically pumped into the 65*1/2 (i^ = 
4, nip — 0) ground state by simultaneously applying lin- 
early polarized light to the 65i/2(-F = 4) -> 6P3/2{F' = 4) 
and 65i/2(-F = 3) 6P3/2(F' = 4) transitions [24 . A 
schematic level diagram of Cs is shown in Fig. |2] for ref- 
erence. The efficiency of the optical pumping is limited 
to about 80% by off-resonant excitations, magnetic back- 
ground field fiuctuations, polarization impurities and the 
narrow bandwidth of the pumping laser |25j . To achieve 
a purer ensemble, where all atoms populate a single clock 
state, we first transfer the population in the |4) state to 
the 1 3) clock state with a resonant microwave 7r-pulse. 
The remaining atoms in 65'i/2(i^ = 4:,mp ^ 0) are then 
expelled from the trap with the resonant light on the cy- 
chng 65'i/2(J^ = 4) ^ 6P3/2(F' = 5) transition. In this 
way we obtain an ensemble with > 99 % purity. 
To drive a coherent evolution of the clock state popula- 
tions, |3) <-> |4), we apply a linearly polarized microwave 
field with a frequency of '--^ 9.2 GHz with various durations 
and powers to the atoms. The microwave field is generated 
by a HP8341B precision synthesizer and amplified with a 
solid state amplifier to IW. To stabilize the power, we split 
a portion of the microwave power into a solid state detec- 
tor and feed the signal directly back onto the synthesizer's 
external stabilization input. Pulse shaping is done with a 
HP4720A pulse modulator inserted after the feedback loop 
and the resulting microwave pulses are directed into the 
vacuum cell via a cut-to-size rectangular waveguide. The 
microwaves produce the Rabi flopping, characteristic to 
a two level system strongly driven with a near resonant 
coupling field [26 . 

To read out the population of the ensemble in the state 
1 4) non-destructively, we measure the phase shift of the 
probe light |16)2j caused by the state dependent refractive 
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2.2 Motivation 



^F,F' 
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where <po — 31\^/ttV, A^|4^ is the number of atoms in the 
|4) clock state, Ap^p/ is the detuning of the probe light 
from the 6S'i/2(F = 4) -> 6P3/2(F' = 5) transition, A is 
the wavelength of the probe light, 7 is the linewidth of 
the transition, and I is the length and V the volume of 
the sample. To obtain the reduced form of the phase shift, 
given in equation ([T]), we have assumed a pure sample in 
|4) and neglected coupUngs to the 6P3/2{F' ^ 5) levels |5j. 
Experimentally, the phase shift of the probe light is recorded 
by placing the ensemble into one arm of a Mach-Zehnder 
interferometer and detecting the two interferometer out- 
puts with two photodiodes whose outputs are fed into a 
low noise AC integrating photoamplifier. The differential 
output of the detector is directly digitized with a stor- 
age oscilloscope, saved to disk and the recorded pulses are 
numerically integrated afterwards. For the probe light, we 
arrange the detuning Ap^pi = +160 MHz such that we get 
a considerable phase shift of up to half a radian due to the 
presence of atoms in the interferometer, while keeping the 
probability of spontaneous photon scattering low. With 
~ 10^ photons in one probe pulse, the spontaneous scat- 
tering probabihty per atom is around 0.05%. The pulses 
are generated using a standard acousto-optical modulator 
and with typical durations between 200 ns and a few mi- 
croseconds. To clean the transverse mode of the beam be- 
fore entering the interferometer, the pulsed probe-beam is 
coupled into an optical fibre. The path length difference of 
the two interferometer arms is actively stabilized against 
thermal drifts and acoustic noise by applying feedback to 
one of the folding mirrors. The error signal for the feed- 
back is obtained by matching a weak, pulsed locking laser 
with ~ 1.5 fiW equivalent DC power into the mode clean- 
ing fibre used for the probe pulses, and demodulating the 
signal from the photo-receiver. We usually lock the in- 
terferometer to the white light position, where both arms 
have the same optical path length. To eliminate an influ- 
ence of the locking laser onto the atoms, its wavelength is 
~ 20 nm blue detuned from the 6S1/2 ~* 6P3/2 transition. 
Due to its detuning, the locking beam is not affected by 
the presence of atoms so that the geometrical path length 
can be fixed irrespectively of the atomic state and density. 

Using our non-destructive probing scheme, we can fol- 
low the evolution of the atomic ensemble quantum state 
when subjected to external fields. More specifically, we 
measure the population in the |4) clock state. Figure [3^ 
shows a typical recording of microwave induced Rabi os- 
cillations on the clock transition. A constant resonant mi- 
crowave driving field is applied while the atomic ensemble 
is probed every 10.3 /xs with 0.2 /is optical probe pulses, 
corresponding to ^ 10'^ photons per pulse. The figure rep- 
resents an average of 10 experimental runs each sampling 
the atoms ~ 500 times [5] . From a fit to the data, assuming 
a cosine function with exponentially decaying envelope, we 
extract a time constant of r = 3.0 ms. 



Some care is required when describing dispersive prob- 
ing as non-destructive. In our case, the probing is non- 
destructive in the sense that the spontaneous photon scat- 
tering is kept very low. With the exception of the case 
where the ensemble is in one of the eigenstates |3) or 
1 4), spontaneous scattering events destroy coherences irre- 
versibly [28], i.e. project superposition states onto eigen- 
states. However, even for negligible spontaneous scatter- 
ing, the atomic quantum state will be affected: The dis- 
persive light-atom interaction will introduce a phase shift 
between the atomic states |3) and |4) due to the light shift 
caused by the probe [3T]. When probing Rabi oscillations 
non-destructively, we observe a very distinct change in 
the envelope when changing the probe power rather mod- 
erately. Figure shows two traces of Rabi oscillations 
recorded with the same probe pulse duration of 1.0 fis and 
the 7 fis repetition period but with different probe photon 
numbers. With 1.5 x 10^ photons per pulse we obtain a 
decay constant of r = 1.5 ms, which reduces to r = 80 /is 
when the photon number per pulse is increased to 6.3x 10^. 
This much faster decay cannot be explained just by the 
four times higher spontaneous excitation probability. Ad- 
ditionally, the trace corresponding to the higher probe 
power shows a clear revival of the oscillations at around 
t — 800 fis, and a change in the Rabi oscillation frequency 
is observable. In the following sections, we systematically 
analyze these effects and demonstrate that they can be 
well understood when taking the spatial inhomogeneity of 
the probe beam into account which causes a spatial dis- 
tribution of the differential light shift between the clock 
states. 



3 Inhomogeneous dephasing due to probe 
light shift 

3.1 Bloch sphere picture and interpretation 

We model the column density of the atomic sample on po- 
lar coordinates (r, 0) by n(r) = no exp(— 2r^/rQ), where 
no is the peak column density and tq characterizes the 
sample radius. The atomic sample interacts with a Gaus- 
sian laser beam propagating along the z-axis and focussed 
at the sample's location. In the case when the axial size 
of the atomic sample is short compared to the Rayleigh 
range of the laser beam we can approximate the light 
intensity distribution within the interaction volume by 
I{r) = /q exp(— 2r^/wo), where Iq is the peak intensity 
and Wo is the Gaussian beam waist. 

The atoms in the sample are described by the two in- 
ternal states |3) and |4) separated by an energy £^34 = 
huj^i and on-resonance Rabi oscillations between the states 
can be induced by a drive field of angular frequency 0)34 
[26 . The laser beam is assumed to have a strong dispersive 
interaction with atoms in the |4) and negligible coupling 
to the |3) state. Hence, the population in the |4) state can 
be recorded as a phase shift of the laser beam. In turn, the 



4 



P. Windpassinger et al: Inhomogeneous Light Shift Eflects on Quantum State Evolution 




Time [ |JS ] Time [ |js ] 

Fig. 3. (a) Non-destructively probed Rabi oscillations. Each probe pulse contains about 10^ photons, is 0.2 fis long and the 
repetition period of the pulses is 10.3 /^s. The data corresponds to an average of 10 runs of the experiment, each sampling 
the atoms ~ 500 times. The solid line corresponds to a fit, using a cosine function with exponential amplitude damping, (b) 
Changing the probe strength from 1.5 x 10^ photons per pulse (data indicated with ■) by a moderate factor of 4, a drastic 
change in the Rabi oscillation's envelope occurs (data indicated by •). The solid lines are to guide the eye, only. 



dispersive interaction adds a differential light shift AE to 
Em (e.g. EH]). 

The dynamics as a result of the combined action of 
continuously driving the |3) <-^- |4) transition and acting on 
the sample with pulses of laser light at given instances of 
time is conveniently described in the Bloch sphere picture. 
A general superposition state cos ||3) + e^'^sin ||4) is, up 
to a global phase, mapped onto the unit sphere at polar 
angle and azimuthal angle (/) |30]. An ensemble state s 
is thus fully described by the two angles 9 and </> or by its 
cartesian components s = siei + 8262 + 5363. Pure states 
with all the atoms in |3) or |4) correspond to the Bloch 
vectors s — (0,0,-1) or s = (0,0,1), respectively. Under 
the influence of a resonant driving field of duration t, the 
initial atomic state Sq transforms according to 



f^drive (^) 



s{t) = U{t)so 



1 
COS f2t sin f2t 
— sin f2t cos f2t 



(2) 



(3) 



where Q is the resonant Rabi frequency. Similarly, the 
dispersive interaction for a time t is described by the evo- 
lution matrix 



t^probc(^) 



cosx^ sinxt 
— sin xt cos xt 
1 



(4) 



where x — AE/h. Since the problem is symmetric, the 
same rotation is induced by detuning the driving field 
from resonance by AE for a time t or changing the phase 
of the driving field by xt. Finally, for the simultaneous 
action of the two effects we obtain the evolution matrix 



combined 



(t): 



hx^ cos ^/ir- 



-COS ■sj'ff^ 
f22 + v2 



Xsin^J"2^+X^t f2x(l- 

, COS Jn'^ + x^t 

fixCl-cos y^n^+^t) - r2 sin y^^+x^t 



-Xsin^f23+X^t 



it sin ^n'^+x't 

x'^+r^^cos ^r2^+x^t 



The evolution of an initial Bloch vector Sq can now be 
propagated by multiplying the corresponding matrices, 
e.g. ^ and ^ in succession to get an overall transfer 
matrix T(x, <). In the experiment, we only have direct ac- 
cess to the 3-projection of the Bloch vector. 

Due to the Gaussian intensity profile of the laser beam, 
we get a position dependent light shift and x vary 
radially as cx /(r). Moreover, in the detection of the 3- 
projection of s, the Gaussian intensity dependence of the 
laser beam in conjunction with the Gaussian column den- 
sity of the atomic sample gives rise to a signal 



S^(t) cx / [T(x(r),t)s]3n(r)/(r)rdr 



-2(7 



cx / [T(x(r),<)s]3no/oe" 



[T(x,i)s]3X^™°^ dx, 



-2(7 



rdr 



(6) 



where xo — x('' — 0) corresponds to the maximum light 
shift at the center of the Gaussian beam. Hence, for a given 
ratio between rp and wq the net measured Bloch vector 
results from infinitesimal contributions from^atpms with 
light shifts X = [0---Xo] carrying a weight x' ' . In Fig. 
|4|; we plot the weighting factor for a few values of the ratio 
fc = wq/t'o- As would be expected, the atoms contributing 
to the net Bloch vector have undergone practically the 
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same light shift close to the maximum xo if the laser beam 
waist is much larger than the atomic sample radius wq 3> 
ro- At the other extreme wq <C tq, our detected signal 
will have a uniform contribution from light shifts in the 
interval [0...xo]- 



3.2 Application to Rabi oscillations 

3.2.1 Expected behavior from the theoretical model 

Let us first consider the theoretical model for the case of 
alternating microwave driving field and probe pulses. If we 
neglect the inhomogeneity of the induced light shift, each 
single probe pulse will cause the tip of the Bloch vector to 
rotate around the 3-axis according to the transformation 
matrix Q by an angle x^i proportional to the number of 
photons of the probe pulse. Alternating microwave pulses, 
rotating around the 1-axis according to matrix ([s]), and 
probe pulses, we expect a step-like evolution as shown 
in Fig. |4^. In figure |4]3, we show the expected measure- 
ment result for each probe pulse when changing the pho- 
ton number or the rotation angle induced per probe 
pulse. As can be seen, the discretely induced transition fre- 
quency change AE = hx at discrete times, resulting from 
the differential light shift between the clock states, leads 



to a higher effective Rabi frequency J?' = y [2^ + AE . 
Here AE = ^ J AE{t)dt is the time averaged frequency 
change. This effect is very similar to the Rabi frequency 
change one observes when the transition frequency is con- 
tinuously shifted relative to the driving field by AE e.g. 
due to off-resonant driving [30] or a homogeneous light 
shift across the sample [3] . Introducing a light-shift at dis- 
crete intervals changes the observed Rabi frequency step- 
wise during the single period, however, after each period 
T — the effect is the same as if the transition frequency 
had been changed by a mean value AE during the whole 
period. In the experiment, a continuous distribution of 
Hght shifts X = [0 ■ • ■ Xo] is present and thus oscillations 
of different frequencies, weighted in amplitude with the 
density distribution of the sample across the probe beam, 
interfere. The resulting oscillations are shown in Fig. |4|i 
for a probe size to sample ratio k = 0.35 and a maximum 
shift of Xo = 0.3 rad per pulse. 



3.2.2 Experimental results 

To study the perturbing effects of the inhomogeneous atom- 
probe interaction systematically, we alternate microwave 
and probe pulses and record data sets for different probe 
powers. In Fig. [5^ we show a collection of data together 
with fits of the theoretical model from equation ([6|. In 
the fitting model, we have allowed for a small number of 
spontaneous scattering events, pumping atoms into the 
6S'i/2(-F = 4,TOi? ^ 0) states and homogeneous dephasing 
mechanisms like magnetic background fluctuations, mi- 
crowave driving field inhomogeneities or cloud tempera- 
ture effects [31]. The data is remarkably well described 



by the simple model. In particular, the envelope together 
with the revival of the oscillations is very well reproduced. 
The fitting routine returns a parameter oc xoi the maxi- 
mum phase spread cause by the light shift, which is ex- 
pected to be directly proportional to the photon number 
in the light-shifting pulses. The value is shown in Fig. [sJj 
as function of the applied photon number, confirming the 
validity of our model within the given parameter range. 



3.3 Ramsey spectroscopy 

A more direct measurement of the phase shift induced by 
the probing can be obtained with Ramsey spectroscopy 
[21] . Briefly, the basic principle is as follows: Beginning 
from an initial state, where all atoms reside in |3), a 7r/2- 
pulse brings the ensemble into a superposition state (|3)H 

|4)). The quantum state then evolves freely, in our case 
for a time of 300 /iS. The population measured in |4) af- 
ter a second 7r/2-pulse depends on the relative phase 



between the two atomic states ^(|3) -I- e^'^\A)) acquired 



during the free evolution. For </> mod 27r = we end up at 
|4), (j) mod 277 = TT yields |3) and (j) mod 27r = (7r/ 2, 37r/2) 
yields 



3.1 



such a 



;^(|3) ± 1 4)). As discussed in section 
phase shift can be induced by shifting the transition out 
of resonance, e.g. by applying a probe pulse, or by de- 
tuning the driving field from resonance. The latter yields 
well-known Ramsey fringes [22j . shown as reference in Fig. 
l6k. Again, the population observed in |4) is normalized to 
the number of atoms. When we, in addition, apply light 
shifting pulses (simply by using the probe beam for this 
purpose) while the atomic state evolves freely, the differen- 
tial light shift adds a phase shift distribution proportional 
to the number of photons interacting with the atoms. Ac- 
cordingly, the Ramsey fringes will be shifted in frequency 
space, which can be clearly seen in graphs (al)-(a4) of Fig. 
|6^. By normalizing the frequency shift to the period of the 
Ramsey fringes, we can directly extract the mean phase 
shift angle caused by the probe. In a homogeneous system 
as studied by Featonby et al. [21], the Ramsey fringe po- 
sition shifts proportionally to the photon number of the 
probe pulse. In the inhomogeneous situation we are con- 
sidering, the spatial profile of the light pulse will create a 
phase shift distribution along the equator as discussed in 
section |3.1| We can therefore no longer expect the shift to 
be exactly proportional to the probe pulse strength, since 
states gaining the same phase angle (p = {xt mod 27r) 
are equivalent in a Ramsey experiment. The phase distri- 
bution of the ensemble also acts to wash out the Ramsey 
fringe visibility, since the externally introduced distribu- 
tion is basically a standard dephasing mechanism. 
In Fig. [6]d the normalized phase shift and amplitude of 
the fringes, extracted from the Ramsey spectroscopy mea- 
surements are shown. One can see a clear deviation from 
a linear scaling when the accumulated phase shift exceeds 
27r. The Ramsey fringe amplitude also shows the expected 
revival when the phase distribution starts to overlap above 
27r and Bloch vector components with the same phase 
modulo 27r interfere constructively. The graph also con- 
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Fig. 4. (a) State evolution on the Bloch sphere with alternating microwave pulses, each pulse shifting by 7r/4 around the 1-axis, 
and probe pulses, each causing a homogeneous shift of n/9 around the 3-axis. (b) 3- projection of the Bloch vector for different 
homogeneous light shifts, applied discretely in between separated tt/6 microwave pulses, (c) Weighting factor of the oscillations 
with different frequency due to the inhomogeneity of the probe beam and the sample. The factor is plotted for different ratios 
k of the probe beam waist uo to the sample size ro, and normalized to its maximum value. For large ratios fc ^ 1, an almost 
homogeneous shift is induced, for small ratios fc ^ 1 the distribution is flat, (d) Rabi-oscillations resulting from inhomogeneous 
light shift distribution across the probe area. 




Fig. 5. (a) Non-destructively probed Rabi oscillations. The photon number per probe pulse is given in the lower right corner 
of each graph. The solid line represents a fit to the data with the model discussed in the text, (b) Comparison of the photon 
number per pulse as measured in the experiment to the pulse strength returned from the fitting routine. The scaling is well 
described by a linear function through the origin. 

tains the theoretical predictions from the model given 4 Sample re— phasing with spin echo 

above and a good correspondence is observed. 

The inhomogeneous phase spread of the ensemble after 
a measurement poses a serious problem for spectroscopy, 
squeezing, and quantum information applications and chal- 
lenges the non-destructive nature of the measurement. 
Obviously, for probe pulses with large photon numbers. 
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Fig. 6. (a) Ramsey fringes, discrete points represent experimental data, the solid lines are cosine fits to the data. The data 
indicated with • represents the reference trace where no light shifting pulse has been applied to the superposition state during 
the Ramsey sequence. From (al)-(a4), the probe pulse photon number has been doubled in each step, starting with 2.6 x 10®. 
(b) Normalized phase shift and fringe amplitude of Ramsey fringes, extracted from data similar to (al)-(a4). The solid lines 
represent the theory curves and follow the experimental data remarkably well. The dashed line in the phase shift data corresponds 
to the linear dependence expected for a homogeneous system. 



the atomic state evolution is dominated by the effect of 
the probing. Using such a strongly perturbing probe beam, 
e.g. to predict the quantum state of the ensemble, cre- 
ates a state whose phase is distributed around the equa- 
tor of the Bloch sphere. When interrogating an ensem- 
ble with N atoms, one can still gain information about 
the z-projection of the state to better than 1/\/N — the 
standard quantum limit — and thus achieve spin squeez- 
ing, but due to the large phase distribution, the remaining 
state will be of little use for spectroscopic applications. 
It is, however, possible to re-phase the ensemble after a 
dispersive measurement by applying spin echo techniques 
|32] . To achieve re-phasing, we invert the time evolution 
of the spreading by adding a microwave 7r-pulse between 
the two Ramsey 7r/2-pulses. To again study the effect of 
the differential light shift distribution when probing the 
sample, light pulses are symmetrically distributed around 
this refocusing 7r-pulse. The pulse sequence for these echo 
measurements is illustrated in Fig. [7^. After the pulse 
sequence, we measure the population in |4) with further 
probe pulses and normalize to the total number of atoms. 
The plain spin echo sequence, taking care of dephasing 
e.g. caused by the trapping laser, shows a close to perfect 
refocussing of the sample at the expected time as shown 
in Fig.[7]3,(bl). When applying a single probe pulse before 
or after the echo pulse, the echo fringe is shifted in time 
according to the induced mean phase shift by the probe 
pulses, figure [7j3,(b2)-(b3). As with the Ramsey fringes 
in Fig. [6^, the inhomogeneity of the light shift reduces 
the echo fringe visibility drastically. If we, however, ap- 
ply light pulses symmetrically around the spin echo pulse, 
Fig.[7j3,(b4) shows that we regain the unshifted echo fringe 
almost perfectly. In graph [Tj: we zoom in on the central 



Ramsey fringe to back up this claim. The graph also con- 
firms that the measurements are indeed not limited by 
off-resonant photon scattering. When the ensemble is in 
a superposition state, both inelastic Raman and elastic 
Rayleigh scattering would lead to complete decoherence 
of the excited atoms and reduce the fringe contrast . How- 
ever, as can be seen in the graph [Tj;, the fringe contrast 
is, not reduced appreciably. The influence of photon scat- 
tering is slightly visible when comparing the fringe am- 
plitudes of echo signals with different probe pulse powers. 
From the magnitude of the change, however, we conclude 
that they are of minor consideration here. In addition, 
the data confirms that other dephasing mechanisms e.g. 
due to the non-zero temperature of the cloud or magnetic 
background fluctuations are also of minor importance. 

5 Discussion 

We use a dispersive phase shift measurement to non- de- 
structively probe the populations of the clock states in 
a cold Cs ensemble when subjected to near resonant mi- 
crowave pulses. The strong dependence of the Rabi oscilla- 
tion envelope on the probe pulse photon numbers — caus- 
ing a differential light shift between the clock states and 
thus adding a relative phase between the clock states — 
can only be explained by the inhomogeneity of the light- 
atom interaction, which is intrinsic to the experimental 
setup. With the introduced theoretical model, the exper- 
imental data can be convincingly explained. To quantify 
the dephasing of the atomic ensemble induced by the prob- 
ing, Ramsey spectroscopy in the frequency domain is used, 
and both the scaling of the phase shift of the Ramsey 
fringes and the scaling of their amplitude with applied 
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Fig. 7. (a) Pulse sequence for spin echo measurements. The black lines correspond to the microwave pulses and the red lines 
indicate the placement of the probe pulses, (b) Spin echo signal observed according to the corresponding pulse sequences to 
the left. The fit to the plain spin echo trace (bl) is kept for reference in graphs (b2)-b(4). Additional probe pulses, duration 
4 /is, containing ~ 10® photons, during the echo sequence shift the echo signal in time space (b2)-(b3), corresponding to the 
mean phase shift imprinted onto the ensemble. Distributing the probe pulse around the re-phasing microwave pulse, amplitude 
and phase of the echo signal are regained. The solid lines represent fits to the data, assuming a Gaussian envelope of the echo 
signal, (c) A zoom into the central part of the echo signal shows that the ensemble can be fully re-phased when the probe pulses 
are distributed symmetrically around the microwave echo pulse. The slight reduction of the fringe contrast when doubling the 
photon number is due to photon scattering 



photon number in the probe pulses can be explained by 
the same model. Finally, the application of spin echo tech- 
niques allow us to re-phase the atomic sample. 
We note that for the range of probe intensities applied in 
the experiments presented in the current paper, the effect 
of spontaneous photon scattering from the probe pulses 
can be neglected. Furthermore, other decoherence effects 
e.g. due to finite temperature of the ensemble or mag- 
netic field fluctuations can be disregarded on the given 
timescales. However, to achieve considerable spin squeez- 
ing in the presented experimental configuration, consid- 
erably higher probe powers implying about 20% spon- 
taneous scattering probability are necessary [TU]. When 
other decoherence effects are under control, spin echo tech- 
niques can be used to calibrate these effects as well |33j . 

The differential light shift between the clock states due 
to the probe light is, of course, caused by the choice of the 
probe detuning. By choosing a "magic" frequency for the 
probe, where both clock levels are shifted by the same 
amount, the induced dephasing of the two levels can be 



minimized and in the ideal case, canceled [3]. Since the 
presented single frequency probing scheme is only sensi- 
tive to the scalar polarizability of the atoms, the magic 
frequencies coincide with the probe detunings where the 
interferometer phase shift is insensitive to the popula- 
tion number difference. Single frequency measurements 
are thus not suited to eliminate the perturbation of the 
atomic levels. The problem can be circumvented by adding 
a second probe frequency or invoking the tensor polariz- 
ability in off-resonant polarization measurements j34j . 
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